Introduction
Diabetic neuropathy (DN) is symmetric and duration dependent, and involves sensory loss, pain, and distal weakness in the early stage of diabetes [1] [2] [3] . However, in the later stage, muscle weakness spreads through proximal areas, including ankles, knees, and hips, whereas "stocking and glove" sensory losses remain restricted to distal regions [4, 5] . These weaknesses also correlate highly with the severity of DN [5, 6] .However, we recentlyrevealed a significant decrease in the number of labeled gamma motoneurons [7] and a loss of labeled alpha motoneuronsinmedial gastrocnemius (MG) muscles, followed by a later loss of labeled gamma motoneurons in MG muscles using retrograde labeling technique [8] . Our finding will help in elucidatingthe mechanism of motor disturbance of diabetic patient. However, to date, there is no information available on how diabetes affects the motoneurons other than hindlimb motoneurons.
Abdominal (Abd) muscles consist of the external oblique (EO), internal oblique (IO), transversus abdominis (TA), and rectus abdominis (RA), which are innervated by motoneurons located in the ventral horn of the lower thoracic and upper lumbar spinal cord [9, 10] . Abd muscles play an important role in posture and walking [11] [12] [13] ; vomiting [14] ; and respiration, particularly
Materials & Methods
All animal experiments were performed in accordance with the National Institutes of Health guide for the care and use of Laboratory animals (NIH Publication No. 8023, revised 1978) . All the experimental procedures were approved by the Animal Ethics Committee of Kyorin University.
Forty-two 13-week-old male Wistar rats (purchased from Sankyo Labo Service Corporation, Inc., Tokyo, Japan) were used in this experiment. Type 1 diabetes was induced by administration of STZ (100 mg/kg in saline; i.p.) in 22 animals. Plasma glucose was determined to confirm the diabetic status. Twenty age-matched control animals were injected with saline only. All animals were housed in plastic cages with a flat bottom covered by soft bedding material. Food and tap water were provided ad libitum. Animals were maintained in a temperature-controlled room with a 12-hour light/ dark cycle.
Measurements of motoneurons
At 4 weeks or 12 weeks after STZ or saline injection, the diabetic and age-matched control animals were used for motoneurons labeling. All animals were anesthetized with 4% halothane at the induction of anesthesia and maintained with inhalation halothane at 1%. Rectal temperature was maintained at 37-38°C by using a heating pad. Under aseptic conditions, the ventral branch of the 13th thoracic spinal cord (T13)nerve and the first lumbar spinal cord (L1) nerve were dissected from Abd muscles, and the central cut ends of T13 and L1 nerves were dipped for 1 hour in a small polyethylene tube containing 10% 3kDadextran-fluorescein (D3306, Molecular Probes, Eugene, OR, USA) or10% 3kDdextran-Texas Red (D3328, Molecular Probes, Eugene, OR, USA) dissolved in saline ( Figure 1 ). The tubes were placed on absorbent cotton to prevent the dextran-fluorescein and dextran-Texas Red solutions from spreading to surrounding tissue. After 1 hourof exposure to the solutions, the nerves were washed with normal saline and enveloped with gelatin, again, to prevent dextran solutions from spreading to the surrounding tissues. Antibiotics were administered and the incision was closed. After a survival period of 2 weeks, the animals were re-anesthetized with pentobarbital (35 mg/kg; i.p.) and perfused transcardially with 500-1000 mL of normal saline containing heparin sodium, followed by 4% paraformaldehyde in 0.1 M phosphate buffer at 4°C. The T8 to L2 portion of the spinal cord was removed and placed in cold fixative (4% paraformaldehyde) for 24 hours. Next, the 8th thoracic spinal segment through the 2nd lumbar spinal segment was sectioned serially on a vibratome (longitudinal 80-μm-thick sections). These sections were mounted on glass slides and examined through fluorescence microscopy. Microscope images were photographed by using a digital camera (BX-50, OLYMPUS, Tokyo, Japan). The numbers of motoneurons and diameters of the soma in the digital images were measured using Image J (NIH, Bethesda, MD, USA). We calculated the average soma diameter (half of the sum of the maximum and minimum diameters of the ovals) in Abd cell bodies.
Measurements of Muscle Thickness and Myocytes
At 6 weeks or 14 weeks after STZ or saline injection, the diabetic and age-matched control animals were used for measurements of muscles. To examine the degree of muscle atrophy of Abd muscles, histological analysis was conducted on EO, IO, TA, and RA muscles. We used Abd muscles innervated by the Th13 and L1 nerves. The Th13 nerve innervates the upper portion of Abd muscles containing EO, IO, TA, and RA muscles, and the L1 nerve innervates the lower portion of Abd muscles containing EO, IO, and TA muscles ( Figure 1 ). The animals were anesthetized by pentobarbital (35 mg/kg; i.p.) and euthanized by an overdose of pentobarbital (50 mg/kg; i.p.), and the Abd muscles were removed. Three muscle samples were collected along the Th13 and L1 nerves ( Figure 1 ). A transverse section of each frozen portion was cut at 10 μm thickness. For the histological analysis, sections were stained with hematoxylin-eosin. Every muscle thickness perfour muscle layers (EO, IO, TA, and RA) were measured at three points for every 1mm, and those means were used for analysis. We also measured the fiber area because the TA could be cut from the belly of the muscle perpendicularly. We measured the mean crosssectional area of 50 muscle cells and counted the nuclei of the muscle cells. 
Data analysis
Significance differences were evaluated by using independent t-tests using SPSS software (version 23, IBM, Armonk, USA). Differences of P < 0.05 were considered statistically significant.
Results

Measurements of Abd Motoneurons
Both diabetic animals (6 weeks after induction of diabetes; 6WD, n = 5, and 14 weeks after induction of diabetes; 14WD, n = 5) and control animals (6 weeks after saline injection; 6WC, n = 5, and 14 weeks after saline injection; 14WC, n = 5) were used for analysis ( Table 1 ). Figure 2 , all the retrogradely labeled motoneurons were clearly identifiable by their cell bodies and dendrites and were located in the ventral horn of the spinal cord. Table 1 shows the total number and the average soma diameters of the Abd motoneurons. There was a decrease in the total number of Abd motoneurons in the diabetic group (78.1% in T13 and 66.8 % in L1 of 6WD, 81.4 % in T13 and 72% in L1 of 14WD). The total number of Abd motoneurons in L1significantly reduced in diabetic animals compared to control animals. Figure 3 shows a frequency histogram of the average soma diameters of Abd motoneurons in each experimental group. The distributions of Abd motoneurons were unimodal. Some large motoneurons appeared to be missing in all histograms of the diabetic animals. Figure 4 shows the retrograde-labeled motoneurons arranged in a longitudinal cell column. Abd motoneurons were found largely between T13 and L1 and were intermingled within the border between T13 and L1. 
As shown in
Measurements of Abd Muscle Thickness and Myocytes
The diabetic animals (6WD, n = 6, and 14WD, n = 6) and the control animals (6WC, n = 4, and 14WC, n = 6) were used for analysis ( Table 2) .
To examine the degree of muscle atrophy of Abd muscles, every muscle thickness per four muscle layers (EO, IO, TA, and RA) was measured at three points for every 1 mm and those means were used for analysis. Macroscopically, the muscle layer in the diabetic groups appeared as a thin film as if it had no muscular tissue and there was a clear decrease in the muscle thicknesses per muscle layer in the diabetic group. There was a significant difference in Abd muscles, except RA muscle, between 6WC and 6WD animals, and in all Abd muscles between 14WC and 14WD animals ( Table 2 ). In particular, the muscle with the greatest rate of change was TA muscle, and its thickness decreased by half in T13 and L1, respectively. Moreover, there was a significant difference in EO, IO, and TA muscles in T13, and in TA in L1 between 6WD and 14WD animals. Thus, as diabetes progressed, there was a clear decrease in the muscle thicknesses.
To examine the morphological alterations in Abd muscles, the cross-sectional area of 50 myocytes in TA muscle were measured and those means were used for analysis. Because Abd muscle was thin in the diabetic animals, it was only possible to count a maximum of 50 cells. Next the numbers of the nuclei in the myocytes were counted. The mean cross-sectional areas of TA in diabetic animals were obviously smaller than those in control animals, whereas the numbers of the myocyte nuclei were not significantly different. The mean crosssectional areas of 14WC had grown larger bigger than those of 6WC animals. When we adjusted for body weight, there was a significant difference in L1 between 6WC and 6WD animals and in both T13 and L1 between 14WC and 14WD animals ( Table 2 ). Briefly, there was a significant difference between 6WD and 14WD animals. As diabetes progressed, a clear decrease was observed in mean cross-sectional areas ( Figure 5 ). 
Discussion
Abd Motoneurons
In a previous paper, we discussed the possibility that decreased labelling of motoneuronsmay not be caused by technical problems with retrograde labeling [7, [19] [20] [21] [22] . In this study, we revealed an aspect of diabetes pathology in Abd motoneurons. We previously found that both size and number of presumed gamma motoneurons were reduced (22 weeks after STZ injection) in rats [7] but later reported that large (presumed alpha) and small gamma motoneurons of the MG nuclei had smaller cross-sectional areas (12 weeks after STZ injection) and were fewer in number (12 and 24 weeks after STZ injection) [8] . In this study, however, we revealed that only 6 weeks of diabetes induced the loss of Abd motoneurons. Since there is no data of hind-limb motoneurons after 6 weeks following induction of diabetes, it cannot be compared, but Abd motoneurons are considered to be similarly damaged by hyperglycemia. Figure 3 , size of Abd motoneurons showed unimodal distribution. This was differenced from hindlimb motoneurons whose size showed bi-modal distributions, in that small groups corresponded to gamma motoneurons and large groups to alpha motoneurons [8, 10] . However, this difference does not mean that Abd motoneurons do not have gamma motoneurons. Because it was previously reported size distribution of Abd motor fibers in peripheral nerves showed a bi-modal distribution and it is very likely that the large motor fibers corresponded to alpha motor fibers and the small motor fibers corresponded to gamma motor fibers, although size distribution of Abd cell bodies showed uni-modal [10] . It also known when positive pressure was imposed at the end-expiratory line, Abd alpha and gamma motor fibers exhibited the expiratory activity, in response to the positive air pressure [17] . Therefore, anatomical and physiological data suggest that Abd muscles were innervated by alpha and gamma motoneurons. In this study, the number and mean size of cell bodies decreased in Abd motoneurons in the diabetic group. Additionally, size distribution of Abd motoneurons showed a decrease of the number of larger motoneurons (Figure 3 ). At first grace, the main component of these alterations seems to be occurred by a loss of larger alpha motoneurons. However, our previous report indicated that the diabetes predominantly induces loss of gamma motoneurons innervating MG muscle spindles [7] . Alteration of size distribution may cause by shrinkage of the cell bodies of larger alpha motoneurons and loss of smaller gamma motoneurons.
As shown in
Abd Muscles
There was a clear decrease in the muscle thicknesses in the diabetic group. The thickness of each muscle was almost halvedbetween that of 14WC and 14WD animals. Therefore, the functional decline in Abd muscles will appear to be remarkable with diabetes. The sizes of myocytes in TA muscle decreased in the diabetic animals. The thinning of Abd muscles might have little or no relationship to decrease of the number of motoneurons and there were few angulated fibers in the diabetic animals, which were characteristic of neurogenic muscle atrophy. Compared to a decrease in the number of motoneurons, thinning of the muscle was remarkable (Abd muscles which were innervated by motoneurons in the T13 segment decreased in thickness without significant loss of motoneurons). This discrepancy of the number of Abd motoneurons and atrophy of Abd muscles suggests that muscle thinning might be caused by lack of nutritional supply due to peripheral vascular injury, etc. It is known that if denervation progresses slowly, muscle will not show typical degeneration atrophy because preserved motoneurons are given time to re-innervate muscle fibers. It also suggests that loss of Abd motoneurons might occur on gamma motoneurons which innervate intra-fusal fiber of muscle spindle. Therefore, it was not related to thinning of the muscle. It might seem to be natural to conclude thatdiabetes targets the gamma motoneurons innervating the distal muscles of the hindlimbby which MG gamma motoneurons are injured, while biceps femolis motoneurons are preserved [8] . This might reflect the characteristic of DN featuring length-dependent peripheral nerve disorders referred to as "stocking and glove" signs and symptoms. However, it is unclear why Abd muscles, which are not innervated by long peripheral nerves,are damaged severely. A study of rat leg muscles indicated that fast-twitch skeletal muscle fibers are more dependent on insulin for maintenance of their normal metabolic and morphological characteristics than slow-twitch fibers [23] , and that fast-twitch muscles undergo profound wasting and decreased strength [24] . Furthermore, the isomyosins of slow-twitch oxidative myofibers are more resistant to hormonal and metabolic disorders during diabetes than the isomyosins of fast-twitch fibers [25] . Abd muscles of rats might have a large number of fast-twitch fibers, or Abd muscles might have been severely injured in the diabetic group due to the basic structural differencesfrom lower limbs.
Patients with type 1 diabetes mellitus have been showed to have a significantly lower than normal total lung capacity, residual volume, and forced vital capacity [26] . This suggests that a restrictive type of lung disease can be caused by an intrinsic lung-tissue derangement as well as pulmonary microangiopathy [26] . Moreover, some of these causesmay result in dysfunction of Abd muscles because they contribute to increases in intra-abdominal pressure [18] .
Loss of Abd motoneurons and decrease in Abd muscle thickness were observed after induction of diabetes by streptozotocin. Therefore, Abd muscular disorders would be related to a wide range of disorders such as those involved with expiratory, defecation function, and trunk movement.We would like to examine the mechanisms of the disorders of motoneurons and muscles by using immunohistochemical and electrophysiological techniques in the future.
Conclusions
This study investigated morphological alterations in Abd motoneurons and muscles of experimental type I diabetic rats. The number and mean size of cell bodies decreased in Abd motoneurons in the diabetic group. There was a clear decrease in muscle thickness and in the cross-sectional area of the myocytes in the diabetic group. We suggest that the hyperglycemia could induce the reduction of number and size of Abd motoneurons and the atrophy of Abd muscles. Those were observed at 6 and 14 weeks after induction of diabetes by streptozotocin. Therefore, Abd muscular disorders caused by the hyperglycemia would relate to a wide range of disorders such as those involved with expiratory, defecation function, and trunk movement.
